We study the correlation between the Standard Model Higgs decay h → γγ and h → Zγ in the Inert Higgs Doublet Model. It is found that these two one-loop-induced decays are positively correlated, with the latter channel having slightly smaller branching ratio than the former one.
I. INTRODUCTION
Linear Collider (ILC) has now been completed (see the Technical Design Report [14, 15] for details). Indeed, detailed simulations for various physical cases with realistic detector properties show that the ILC can achieve impressive precision measurements for Higgs and top quark physics [16, 17] . The ILC [18] program will be running for center-of-mass energies between 200 and 500 GeV, with rapid changes in energy to allow for threshold scans such as Zh at 250 GeV, tt at 350 GeV, as well as Zhh and tth at 500 GeV. Ultimately, increasing the ILC center-of-mass energy to 1 TeV is also envisioned.
Clearly, first run of the LHC at 7 ⊕ 8 TeV has initiated the first step of a precise measurement program for Higgs physics which will get improved at the LHC 13-14 TeV run with more data accumulated. It is well known that the precise measurement programs at the ILC and LHC are complementary to each others in many aspects [16, 19] . Options of γγ and e − γ collisions at the ILC provide an unique opportunity for precise measurements for
Higgs properties. Thus ILC can yield substantial improvements over LHC measurements.
Moreover, ILC will have great advantage in term of quality on signatures of new physics which may be overwhelmed by huge QCD backgrounds at the hadronic environment of LHC.
The extraction of the Higgs-like couplings to gauge bosons and fermions achieved up to now from the 7 ⊕ 8 TeV data shows that this new boson behaves more and more like a SM Higgs boson [5] [6] [7] [8] . More data is needed in order to fully pin down the exact nature of the newly discovered particle. The fact that the Higgs-like particle couplings to gauge bosons and fermions are consistent with SM prediction can put severe constraints on all models extending the SM that try to accommodate such Higgs-like particle.
As we now know, the loop induced process h → γγ turns out to be a discovery mode for the 125-126 GeV Higgs using the existing LHC data. The other related loop induced decay h → Zγ has not been seen yet but is expected to be measured at the future LHC 13-14 TeV run when more data is accumulated. Any additional charged particles beyond those in the SM will contribute to the loop amplitudes for these two processes. Thus it is important to measure these two modes as accurate as possible. An alternative way to extract the hγγ and hZγ couplings is to study the associated production of e + e − → γ * , Z * → γh at the ILC.
Fusion production of γγ → h and associated production with an electron via e − γ → e − h are also interesting to study if these options of γγ and e − γ collisions are available at the ILC.
In this paper, we concentrate on the Inert Higgs Doublet Model (IHDM) which is basically a two Higgs Doublet Model (THDM) with an exact Z 2 symmetry imposed. Under the Z 2 symmetry, all the SM particles are even and only the second Higgs doublet is odd. The model was first proposed by Deshpande and Ma [20] to study the pattern of electroweak symmetry breaking. Much later, it was extended further as a model of scalar dark matter together with a radiative seesaw mechanism of neutrino mass [21] .
We organize this paper as follows. In section II, we briefly review IHDM to set up our notations and mention some theoretical and experimental constraints for the model. We discuss the correlation of the signal strengths for the two loop-induced processes h → γγ and h → Zγ in IHDM in section III. We study the two processes e + e − → γh and e − γ → he − in IHDM at the ILC in section IV. We conclude in section V.
II. THE INERT HIGGS DOUBLET MODEL
Besides the SM Higgs doublet H 1 , the IHDM [20] employs an additional Higgs doublet H 2 , which can be parameterized as follows
where G ± and G 0 are the charged and neutral goldstone bosons. IHDM imposes a discrete Z 2 symmetry under which all the SM fields and H 1 are even while H 2 is odd. The scalar potential allowed by the Z 2 symmetry is given by
The electroweak gauge symmetry is broken when H 1 develops its vacuum expectation value In what follows, we will denote χ as the DM candidate in this model whether it is S or A. Many phenomenological aspects of dark matter physics in IHDM had been studied over the years [22] [23] [24] . For an updated global analysis of IHDM, we redirect our readers to Ref. [25] where extensive references of previous works can be found as well.
The masses of the 4 physical scalars can be written in terms of the parameters µ 2 2 and λ i (i = 1, 3, 4, 5) as
where we have defined λ L ≡ 
In our numerical study presented in the next two sections, we will choose the following set of parameters
to fully describe the scalar sector of IHDM.
A. Theoretical and experimental constraints
The parameter space of IHDM discussed above is subjected to both theoretical and experimental constraints as we will describe briefly here.
• Inert Vacuum: In order to realize the inert vacuum described earlier, one must have [26] :
• Perturbativity and Unitarity: Perturbativity requires all quartic couplings of the scalar potential in Eq. (2.2) obey |λ i | ≤ 8π. Tree-level unitarity can also be imposed by considering a variety of scattering processes: scalar-scalar scattering, gauge bosongauge boson scattering and scalar-gauge boson scattering. We impose these unitarity constraints as derived in [27] .
• Vacuum Stability: To order to maintain the scalar potential V bounded from below, the following constraints on the IHDM parameters must be meet [28] λ 1,2 > 0 , λ 3 + λ 4 − |λ 5 | + 2 λ 1 λ 2 > 0 and λ 3 + 2 λ 1 λ 2 > 0 (2.6)
• Experimental Constraints: For the experimental constraints from electroweak precision tests and collider Higgs searches, we will follow the strategy used in [29, 30] .
These constraints can be summarized as follows: (1) 
III. CORRELATION OF THE SIGNAL STRENGTHS FOR h → γγ AND h → Zγ
Recently, many theoretical works have been devoted to the correlation of the signal strengths between h → γγ and h → Zγ in various models, in particular the triplet Higgs models [31] [32] [33] and two Higgs doublet models [34, 35] . In this section, we will study this correlation in IHDM. In both processes, one has the same set of charged particles circulating the corresponding loop amplitudes. Feynman diagrams contributing to both h → γγ and h → Zγ are depicted in Fig. 1 where all particles inside the loops are shown, with t, W ± , G ± , u ± , and H ± are the top quark, the charged gauge bosons, the Goldstone bosons, the The partial decay width of h → γγ can be found in [29] , while the one for 
G+,H+
and H ± denote respectively the top quark, the charged gauge bosons, the Goldstone bosons, the Fadeev-Popov ghost and the charged Higgs.
h → Zγ it is given by
where
. We only show the most dominant top quark contribution in the fermion loops. The loop functions I 1 and I 2 can be found in the literature [36] . Recall that in the SM, the decay widths of the two processes are dominated by the W loop which interferes destructively with the subdominant top quark contribution. The extra charged Higgs contribution is shown in the last term of Eq. (3.1)
which is proportional to the SM Higgs coupling to a pair of H ± ,
It is clear from the above Eq. (3.2) that the coupling g hH ± H ∓ is completely fixed by the parameter λ 3 . Just like the case of h → γγ [29] , for negative and positive λ 3 , charged Higgs contribution can enhance and suppress the h → Zγ rate respectively. A preliminary result for such correlation between h → γγ and h → Zγ in the IHDM was first presented 1 in [37] .
Recently this correlation has been discussed in [30, 38] and similar results were found.
The largest contribution to the production cross section of the Higgs is through gluon fusion. For the Higgs decays to γγ or γZ channels, one defines the signal strength as the ratio of production cross section times branching ratio normalized to the SM one as
where the narrow width approximation has been used. Since the Higgs h has the same couplings to fermions in IHDM as in SM, the corresponding production cross sections from gluon fusion are the same and Eq. (3.3) reduces to just the ratio of branching ratios. Moreover, if the invisible decay h → χχ is not open, the total widths of the Higgs in both models will be approximately the same and Eq. (3.3) will further reduce to the ratio of the partial widths of h → V γ in both models. In our numerical work, we perform a systematic scan over all the allowed parameter space P with m h set at 125 GeV, taking into account all the theoretical and experimental constraints described in previous section. We note that once the invisible decay h → χχ is open, its branching ratio will dominate over all other SM channels unless one tunes the coupling g hχχ = −2(m enhance substantially R γγ and R γZ we need a negative λ 3 and a rather light charged Higgs.
The enhancement in h → Zγ is always smaller than in h → γγ because the coupling ratio
67. The suppression factor of R γZ versus R γγ is therefore (0.67) 2 . The lighter the charged Higgs is, the more pronounced in the enhancement of the γγ and Zγ rates. For instance, if we need R γγ ≥ 1.1 or R γZ ≥ 1.1 for λ 3 < 0 (i.e. that λ L is an important parameter which enters in the calculation of the relic density of DM and hence it is constrained by the WMAP data to be in the range of |λ L | < 0.2 [39] . More sophisticated limits of this parameter λ L depending on the mass m χ have been deduced recently from a global analysis of IHDM [25] . We note that the stringent limits obtained in [25] all lie within the range of [−2, 2], thus some enhancements in R γγ and R γZ are still possible according to this plot. The correlation between R γγ and R γZ is roughly a linear one as shown in Fig. 3 using the same parameter scan as in Fig. 2 Fig. 1 . The process e + e − → γh had been studied in SM long time ago [40, 41] . Effects from new physics to this process had been analyzed in Ref. [42] for supersymmetry and Ref. [43] for an extended Higgs sector.
Our calculation is done in Feynman gauge using dimensional regularization with the help of FeynArts and FormCalc packages [44] . Numerical evaluation of the scalar integrals is done with LoopTools [45] . Throughout the calculation we will neglect the electron mass. Since we need to sum these with all other (triangle and box) diagrams in order to maintain gauge invariance in the final results [42] . In all Feynman diagrams computed here, there is no virtual photon in the loops, therefore the results are infrared finite. Real or virtual emission of the photon is suppressed by the electron mass. For illustrative purpose in the following, it is convenient to introduce the two ratios
which are the total cross sections in the IHDM normalized to the SM one.
A. e + e − → γh
In Fig. 6 , we plot the associated production cross section of the 125 GeV SM Higgs with a photon at the linear collider as a function of center-of-mass energy cross section can be increased by roughly a factor 2 or 4 respectively compared with the unpolarized case. In Fig. 7 we exhibit the corresponding angular distribution dσ/d cos θ at √ s =250 (left) and 500 (right) GeV respectively. One observes that at both energies the distributions are rather symmetric for either choices of polarized or unpolarized beams.
In Fig. 8 we show the total cross section e For √ s = 250 GeV (two upper plots in Fig. 8 ), it is clear that when λ 3 is negative,
interference of H ± and W ± loops in the off-shell hγV * (V = γ, Z) amplitudes is also constructive and it can give rise to some enhancement in the total cross section of e also have R γh > 1. Similar correlation can be found between R γZ and R γh but will not be shown here.
For
√ s = 500 GeV (two lower plots in Fig. 8 ), the top quark contribution gets amplified after crossing the tt threshold which leads to more destructive interference with the W ± loops as can be seen in the lower left plot in Fig. 8 for both positive and negative λ 3 . At this higher energy, the destructive top quark loop can overwhelm the constructive interference between the H ± and W ± loops with negative λ 3 such that the total cross section is below its SM value. The opposite case is also possible, the top quark loop can be constructive interference with the H ± loop for positive λ 3 and overwhelm the W loop leading to a total cross section larger than its SM value. In the lower right plot of In Fig. 8 , the correlation between R γγ and R γh is also shown for √ s = 500 GeV. B. e − γ → e − h
Next we turn to discuss the case of e − γ → e − h. If the e − γ option for ILC is made available, the center-of-mass energy may be slightly reduced as compared with the previous e + e − case shown in Fig. 7 . In the left plot in Fig. 9 , we show the differential cross section dσ(e − γ → e − h)/d cos θ for three center-of-mass energies at √ s = 200, 280 and 400 GeV.
Obviously, the differential cross section for this e − γ case get significantly enhanced near the forward direction cos θ ≈ 1 due to the t channel singularity between the incoming and outgoing electrons. To avoid this kinematical singularity we will impose a cut on the scattering angle when computing the total cross section. In the right plot in Fig. 9 , we illustrate the total cross section σ(e − γ → e In Section III of this paper we analyzed the correlation between the LHC signal strengths R γγ (h) and R γZ (h) in the IHDM with the possible deviation from their SM predictions of unity. We have considered the scenario where the invisible modes are not opened. In this case, we have shown that R γγ (h) and R γZ (h) are positively correlated with a roughly linear relation between the twos. Depending on whether R γγ (h) is greater or lesser than 1, we found that R γZ (h) is lesser or greater than R γγ (h) respectively, due to the intricate destructive interference between the contribution of the additional charged Higgs with the SM W ± inside the loop of the two processes. While the decay mode h → γγ has played an important role in the discovery of the SM Higgs at the LHC, the mode h → Zγ has yet to be verified. We expect LHC-14 should be able to detect this latter mode positively and provide useful correlation information among these two modes. The correlation of these two signal strengths studied in this work for IHDM can then be tested accordingly at the LHC-14.
Due to its clean environment, ILC has great potential to measure various properties of the SM Higgs more precisely. These include branching ratios, cross sections, CP properties and its mass. In Section IV of this paper, we have computed the one-loop processes e + e − → γh and e − γ → e − h in the Feynman gauge using dimensional regularization for the future ILC machine. We have shown that the charged Higgs loops in IHDM can modify the SM predictions for these processes in a significant way. For both processes, we have calculated in the IHDM the total as well as the differential cross section for the recently discover Higgs at 125 GeV. We also studied the total cross sections for these two processes as a function of the parameter λ 3 which controls the contribution of the charged Higgs boson in the loops.
We find that the cross sections for both processes are quite sensitive to this parameter so that the signal strengths R γh and R e − h that we defined for the ILC can be deviated from their SM values of unity. Furthermore, we have studied the correlation of these two signal strengths with R γγ . We found that for the correlation between R γh and R γγ can be mainly positively for √ s = 250 GeV and either positive or negative correlated for √ s = 500 GeV depending on the IHDM parameter space. On the other hand, for the correlation between R e − h and R γγ , we found a roughly linear relation between them for both √ s = 200 and 500
GeV. All our predictions for the IHDM in this work can be tested at the ILC.
